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Fracture surfaces of Zr-based bulk metallic glasses of various compositions tested in
the as-cast and annealed conditions were analyzed using scanning electron microscopy.
The tougher samples have shown highly jagged patterns at the beginning stage of crack
propagation, and the length and roughness of this jagged pattern correlate well with the
measured fracture toughness values. These jagged patterns, the main source of energy
dissipation in the sample, are attributed to the formation of shear bands inside the sample.
This observation provides strong evidence of significant “plastic zone” screening at the
crack tip.
I. INTRODUCTION
Bulk metallic glasses (BMGs) fail without detectable
plasticity when loaded in the absence of geometrical con-
finement, as, for example, in tension or in bending of
plates with thicknesses greater than the material charac-
teristic length scale.1,2 For fracture toughness measure-
ments, typical test geometries are compact tension (CT)
and single-edge notched bending (SENB). The loading
geometry of both methods is bending of plates that are
several millimeters thick. Considering that typical char-
acteristic process zone sizes for BMGs are below 1 mm,3
one would expect BMG to exhibit poor toughness. How-
ever, fracture toughness data for Vitreloy 1 (Zr41.2Ti13.8
Cu12.5Ni10Be22.5),
4 the first commercial BMG alloy,
taken from several reports suggest a range of fracture
toughness that extends to values comparable to those
of conventional crystalline metals, although the scatter
associated with these data is significant. Specifically, the
reported fracture toughness of Vitreloy 1 varies between
16 and 55 MPam1/2.5–9 In an additional study however
in which single-edge notched tension (SENT) was used,
the fracture toughness of Vitreloy 1 was reported to be in
excess of 130 MPam1/2.10 Such an extremely high
toughness is surprising, given that the tension loading
geometry of SENT is geometrically less confined than
the bending loading geometry of CT and SENB. The
unusual combination of zero ductility but high fracture
toughness of BMGs was also pointed out by Ashby and
Greer.3 The perceived high fracture toughness of metal-
lic glasses has been attributed to the formation of a high
density of shear bands at the crack tip.11 However, this
argument has only been supported by finite element anal-
ysis12 and observation of shear band networks that
evolved on the outer surfaces of specimens,5,10 although
it is known that such surface shear bands only reflect the
stress state of the free surface dominated by the plane
stress condition.
In this study, the fracture surfaces of as-cast and
annealed Zr-based BMGs of various compositions were
carefully investigated to gain insight on how shear bands
form in the regions of plane strain (far from the surface)
and whether the extent of shear band propagation corre-
lates to the measured fracture toughness. Various frac-
ture samples from the Vitreloy alloy family were used
in this study, including Vitreloy 1 (Zr41.2Ti13.8Cu12.5Ni10
Be22.5), Vitreloy 4 (Zr46.75Ti8.25Cu7.5Ni10Be27.5), two
different four-component variants (Zr33.5Ti24Cu15Be27.5
and Zr44Ti11Cu20Be25), and a six-component variant (Zr44
Ti11Cu9.3Ni10.2Be25Fe0.5). Samples of Zr44Ti11Cu20Be25
were annealed at three different temperatures prior to
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testing. This wide variation in the chemical and thermo-
dynamic state of the material produced a set of fracture
toughness data (KQ) that ranged from 6 to 96.8 MPam1/2.
The effect of composition on fracture toughness is dis-
cussed in a separate report,13 while the effect of annealing
will be discussed elsewhere. The present study focuses on
fracture surface morphology in an aim to explore the re-
lationship between shear band propagation and toughness.
II. EXPERIMENTAL
Approximately 10 g of arc melted BMG of the various
compositions was vacuum cast into a Cu mold of nomi-
nal dimensions of 2.5  8  36 mm that incorporated a
2 mm protrusion to form a notch. Lapping and polishing
were performed to reduce the possible effect of residual
stresses originating from the casting process, which re-
sulted in specimen thicknesses of 1.86–2.26 mm. Fatigue
precracking and subsequent quasi-static loading for the
determination of the critical load (PQ) were performed
using an MTS servohydraulic load frame equipped with a
three-point bend fixture with 31.75 mm span. The geom-
etry of the SENB specimen and the definitions of several
geometrical terms used in this study are shown in Fig. 1(a).
By applying a load corresponding to DK ﬃ 10 MPam1/2
and Kmin/Kmax ﬃ 0.2 (this ratio is out of range rec-
ommended by ASTM E 399, 1  Kmin/Kmax  0.1), a
1.1–2.4 mm long precrack was obtained after 40,000–
150,000 cycles. Starting with an initial crack length a0 ﬃ
3.1 to 4.4 mm (the sum of the notch length and precrack),
a quasi-static compressive displacement of 0.3 mm/min
(K  40 MPam1/2/min) was applied and the load response
of the precracked sample was measured. Fracture tough-
ness (KQ) was calculated from the critical load using the
formula given in ASTM E 399.A3. It should be clarified
that KQ was used to denote fracture toughness rather than
KIC because the sample thickness did not guarantee plane
strain condition in all cases (addressed later in this paper).
The compositions and process conditions of the specimens
used for this study, along with geometrical information
such as specimen thickness and initial crack length (a0),
are listed in Table I. Specimens are numbered in the order
of decreasing KQ in the first column of Table I. These
numbers are used to refer to the specific specimens in
this report.
III. RESULTS AND DISCUSSION
A. Fracture surface of bulk metallic glasses
Figure 2 shows the fracture surfaces of the various
alloys studied. The viewpoint of observation is as
described in Fig. 1(b). The images in Fig. 2 are arranged
in the order of decreasing fracture toughness. The verti-
cal arrows in all images point to the end of the precrack
region. Beginning at the precrack, ultimate fracture
occurred by crack propagation from right-to-left under
monotonically increasing quasi-static load. The fracture
surfaces of some specimens [Figs. 2(a)–2(e)] show
highly jagged patterns at the beginning stage of crack
propagation [region “A” in Fig. 2(a)], and the length
[“LA” defined in Fig. 2(a), listed in Table I] and degree
of roughness of these jagged patterns increases with in-
creasing KQ. This jagged region will be termed as “rough
zone” hereafter. As fracture progresses these rough zones
(jagged patterns) disappear, and the rest of the fracture
surface [region “B” in Fig. 2(a)] shows the typical glassy
metal dimple pattern, which is shown in Fig. 3 and
reported in many other studies.5–8,14–17 The fracture sur-
faces of low fracture toughness specimens shown in
Figs. 2(f) and 2(g) do not exhibit the characteristic rough
topography in front of the precrack, and they appear to be
uniformly filled with dimples created by mode 1 opening
(Fig. 3). The severe embrittlement caused by annealing
the specimens for 2.5 days at 50 C below the glass-
transition temperature (Tg, 340
C measured by 20 K/min
DSC scan13) resulted in the fracture surface shown in
Fig. 2(h). This mirrorlike fracture surface consists of
hundred-nanometer sized dimples [Fig. 3(d)], as observed
by Xi et al.14
B. Size of the dimple patterns
Dimple patterns of the BMG fracture surfaces [region
“B” in Fig. 2(a)] are shown in Fig. 3. This region of the
fracture surface is covered by isotropic dimples (no spe-
cific directionality) indicating that failure occurs by pure
opening mode (Mode 1). Dimple patterns have been
explained to form by massive flow of softened material
FIG. 1. (a) Single-edge notched bending fracture specimen geometry
and dimension. (b) Viewpoint of fracture surface observation after
ultimate fracture.
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TABLE I. Experimental conditions and data of BMGs used in this study.
Sample
number Composition Annealing
Thickness
(mm)
Initial
crack a0 (mm)
KQ
(MPam1/2) LA (mm) sy (GPa)
Plastic zone
size (mm)
S1 Zr33.5Ti24Cu15Be27.5 As cast 2.16 3.1 96.8 2.33 1.75 974
S2 Zr44Ti11Cu20Be25 As cast 2.13 3.5 85.5 2.07 1.8 718
S3 Zr44Ti11Cu20Be25 As cast 2.22 4.3 83.9 1.68 1.8 692
S4 Zr33.5Ti24Cu15Be27.5 As cast 2.19 4.4 80.8 1.69 1.75 679
S5 Zr41.2Ti13.8Ni10Cu12.5Be22.5 As cast 2.18 3.8 74.4 1.95 1.86 509
S6 Zr33.5Ti24Cu15Be27.5 As cast 2.26 3.5 69.2 1.84 1.75 498
S7 Zr46.75Ti8.25Ni10Cu7.5Be27.5 As cast 2.21 4.0 54.6 1.43 1.86 274
S8 Zr44Ti11Cu20Be25 350
C 2 h 2.12 3.9 51.3 1.58 . . . 259
S9 Zr41.2Ti13.8Ni10Cu12.5Be22.5 As cast 1.86 3.2 49.6 1.59 1.86 226
S10 Zr44Ti11Ni10.2Cu9.3Be25Fe0.5 As cast 2.15 3.7 27.5 0 1.86 70
S11 Zr41.2Ti13.8Ni10Cu12.5Be22.5 As cast 2.22 4.1 27.3 0 1.86 69
S12 Zr44Ti11Ni10.2Cu9.3Be25Fe0.5 As cast 2.16 3.7 26.4 0 1.86 64
S13 Zr44Ti11Cu20Be25 320
C 25 h 2.09 4.1 25 0 . . . 61
S14 Zr44Ti11Ni10.2Cu9.3Be25Fe0.5 As cast 2.16 3.4 21.7 0 1.86 43
S15a Zr44Ti11Cu20Be25 290
C 62 h 2.13 3.6 6a 0 . . . 4
a0, initial crack length (a0¼ length of notch + length of fatigue precrack); LA, size of the rough zone as defined in Fig. 2(a). The plastic zone size is calculated from
KQ
2/p/sy
2 [see Eq. (2)].
aAlthough S15 has the same composition as S2 and S3, this specimen shows significant embrittlement as a result of the annealing treatment. S15was fatigue cracked
before the annealing heat treatment atwhichpoint themeasuredKQ is over 80MPam1/2.After the fatigue crack generation, the specimenwas annealed and embrittled
to the level of 6MPam1/2. In this way, the specimenwas able to be precracked by using cyclic loading condition ofKmaxﬃ 12.5MPam1/2.
FIG. 2. Scanning electron micrographs of the fracture surfaces. The vertical arrows mark the location of the initial precracks. Crack propagation is
from right to left in each micrograph. (a) Specimen S1, (b) S2, (c) S5, (d) S7, (e) S8, (f) S11, (g) S12, and (h) S15. Measured fracture toughnesses
(KQ) are shown in the parentheses for all specimens.
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at the crack tip18 based on Taylor’s meniscus instability
criterion applied to metallic glass fracture by Argon and
Salama19 and the correlation between the process zone
size and fracture energy recently proposed by Xi et al.14
It is noteworthy that even deeply embrittled BMGs
form dimple patterns, which is an indication that
they undergo a certain degree of plastic flow prior to
fracture [Fig. 3(d)]. The mean area of the dimples in
Fig. 3(d) is about 0.03 mm2. However, the dimple size in
Figs. 3(a)–3(c) is not unique, as small dimples reside
inside large dimples, and the distinction between these
two different dimple sizes is not clear. A distribution of
dimple sizes suggests that multiple cavities form, grow,
and coalesce leading to plastic flow in front of the crack
tip. Based on this observation, both the nucleation of
cavities (which might be governed by the critical wave
length of the meniscus instability19) and the stability of
the flow in the vicinity of nucleated cavity should be
considered important contributing parameters to the
fracture behavior. Despite the difficulty in quantifying
the size distributions in these figures, it is obvious
that the dimple sizes appearing in Fig. 3(a) (the
highest KQ) are larger than those in Figs. 3(b) and
3(c), while the size difference between the dimples in
Figs. 3(b) and 3(c) is not significant. Likewise, the
quaternary Zr33.5Ti24Cu15Be27.5 (S1, S4 and S6) and
Zr44Ti11Cu20Be25 (S2 and S3) alloys listed in Table I,
which have KQ ranging from 69.2 to 96.8 MPam1/2,
consistently have patterns of larger dimple sizes compa-
rable to those shown in Fig. 3(a), while the patterns of
Zr41.2Ti13.8Cu12.5Ni10Be22.5 (Vitreloy 1, S5, S9 and S11),
Zr46.75Ti8.25Cu7.5Ni10Be27.5 (Vitreloy 4, S7), and
Zr44Ti11Cu9.3Ni10.2Be25Fe0.5 (S10, S12 and S14) alloys,
which have KQ ranging from 21.7 to 74.4 MPam1/2, are
characterized by the smaller dimple sizes such as those
in Figs. 3(b) and 3(c). Since the size of a dimple is a
measure of BMG plastic flow prior to failure, a tendency
of decreasing dimple size with decreasing fracture
toughness is conceivable. Interestingly, BMGs that
demonstrate a dimple size distribution similar to those
in Figs. 3(b) and 3(c), i.e., Vitreloy 1, Vitreloy 4, and
Zr44Ti11Cu9.3Ni10.2Be25Fe0.5, exhibit fracture toughness
that may be high or low depending on whether a rough
zone [the jagged zone in front of the precrack, defined
by region “A” in Fig. 2(a)] develops during fracture.
Specifically, KQ for these alloys ranges from 49.6 to
74.4 MPam1/2 if the fracture surface reveals a rough
zone, and from 21.7 to 27.5 MPam1/2 if no rough zone
develops. This behavior suggests that this class of BMGs
can be either “tough” or “less tough,” and this distinction
is characterized by a tendency to develop a jagged rough
zone during fracture. Furthermore, it would be reason-
able to assume that the mechanical energy spent to gen-
erate this jagged rough zone should be significantly more
than the energy consumed to generate the dimples.
C. Stress state around a crack tip (surface)
On the specimen surface, where the plane stress condi-
tion dominates, szz ¼ 0. Since syy > sxx > szz ¼ 0,
the maximum shear stress component is tyz as shown in
Fig. 4(a).20 The directions of x, y, and z axes are defined in
FIG. 3. Fracture surface of area B [defined in Fig. 2(a)]. (a) Specimen S2, (b) S7, (c) S10, and (d) S15.
J-Y. Suh et al.: Correlation between fracture surface morphology and toughness in Zr-based bulk metallic glasses
J. Mater. Res., Vol. 25, No. 5, May 2010 985
Fig. 4(a). Figure 4(c) is a SEM image and Fig. 4(d) is a
fast-scanatomic force microscopy (AFM) image of the
area surrounding the precrack tip, opened under mode 1
loading, and suggests that the shear offsets are directed
into the thickness direction (z-direction). These morphol-
ogy expectations are depicted in Fig. 4(e), which shows
the shear lips, and crescent ahead of the precrack followed
by the mountainous topography in the process zone
resulting from shear band generation. Shear lips directed
into the thickness direction have also been reported by
Schneibel et al.21 At the initial stage of fracture, cracks at
the surface follow one of the shear bands distributed
around the crack tip shown in Figs. 4(c) and 4(d). The
fracture surfaces near specimen surface are covered with
venous patterns, and these patterns look different from the
typical dimple patterns shown in Fig. 3. Venous patterns
are generally observed from fracture surfaces generated by
tensile loading conditions,22–25 under which single unsta-
ble shear band sliding occurs immediately before fracture.
Unlike dimple patterns, which are characterized by isotro-
pic, taller, and thicker walls, vein patterns are charac-
terized by shorter and thinner walls. Presumably, the
FIG. 4. Direction of maximum shear stress and resultant slip in front of crack under mode 1 loading20 under (a) plane stress condition and
(b) plane strain condition. (c) Shape of a surface shear band formed around the crack tip (d) atomic force microscopy (AFM) scan of the area
shown in (c). (e) Typical fracture surface of mixed-mode fracture.
J-Y. Suh et al.: Correlation between fracture surface morphology and toughness in Zr-based bulk metallic glasses
J. Mater. Res., Vol. 25, No. 5, May 2010986
difference in the two patterns can be attributed to a differ-
ent BMG fluidity at the stage of ultimate fracture. The
creation of a veinlike pattern would be associated with a
higher fluidity originating from material softening during
shear band sliding. A shear band offset of about 4 mm can
be observed in Fig. 4(d).
D. Stress state around a crack tip (interior)
The plane strain condition becomes dominant as the
depth from the surface increases. In the plane strain
condition, deformation along the z-direction [defined
in Fig. 4(a)] is confined such that the only shear direc-
tion available appears to be x–y direction as shown in
Fig. 4(b), and a shear band pattern in front of crack tip
forms, as predicted by Tandaiya et al.12 The crescent
region at the boundary between fatigue precrack and
ultimate fracture in the high KQ samples is evidence of
such shear band sliding, as observed in Fig. 5(a), which
shows the boundary between fatigue precrack (right to
the dotted line) and ultimate fracture (left to the dotted
line) for specimen S5 (KQ ¼ 74.4 MPam1/2). The dotted
line marks the precrack tip boundary before ultimate
fracture. The crack growth direction is right to left. On
the left of the precrack tip (dotted line), a smooth feature-
less region is observed (see thick arrow marks), followed
by vein patterned region. This surface feature suggests
shear band sliding and subsequent fracture. The direction
of shear band sliding is indicated by the thick arrows. A
possible shear banding mechanism for this fracture be-
havior was proposed by Tatschl et al. to explain crack tip
blunting during loading17 [see Fig. 5(d)]. This single
shear band mechanism predicts that the distance between
points a and g and the distance between points b and g
[defined in Fig. 5(d)] are different due to the shear band
sliding. However, the matching surfaces of the specimen
S1 shown in Figs. 5(b) and 5(c) indicate that the distances
of matching features (indicated by thin arrows A, B, and
C) from the precrack tip are almost the same despite the
large amount of shear slip (more than 10 mm) marked
by thick arrows. The single shear banding mechanism
proposed in Ref. 17 [Fig. 5(d)] therefore is not adequate
to explain this behavior. One possible explanation is
a combination of multiple shear bands. Flores and
Dauskardt observed multiple steps ahead of the precrack
[see Fig. 4(b) in Ref. 10], which is also observed in this
study.
Beyond this plane strain deformation region, the jag-
ged surfaces [defined by the region “A” in Fig. 2(a)] of
the tougher samples shown in Figs. 2(a)–2(e) do not
appear to follow the deformation mode discussed previ-
ously. The fracture surface shown in Fig. 2(a) has an
FIG. 5. (a) Boundary (dotted line) between fatigue precrack (right) and ultimate fracture (left) of specimen S5. Crack growth direction is from
right to left. (b, c) Matching surfaces of the boundary of specimen S1. (d) Single shear band mechanism for blunting crack tip.17
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inclination of about 45 with respect to the mode 1 load-
ing direction, in agreement with Fig. 4(a), and the exten-
sive surface shear banding that reaches almost to the
center of the specimen. KQ for this specimen is
96.8 MPam1/2; for a valid KIC, the sample would need
to be 7.6 mm thick; thus, the sample is not in plane strain
condition. As the samples transition from plane stress
through mixed-mode and into the plane strain condition,
Figs. 2(b)–2(e), we observe a corresponding change in
surface morphology, decreasing in roughness and length.
However, careful observation reveals evidence of shear
banding even on the less jagged surfaces of Figs. 2(b)–
2(e). Figure 6 is a magnified image of the squared area
marked in Fig. 2(c). The fracture surface consists of steps
running parallel to the crack propagation direction. As
previously discussed, venous patterns on the surfaces
(indicated by arrows) are observed on fracture surfaces
generated by tensile loading.22–25 Extensive shear band
propagation (sliding) occurs, generating the typical
vein pattern. The rest of the fracture surface shown in
Fig. 6 resembles the typical dimple pattern of metallic
glasses,5–8,14–17 generated by direct opening without sig-
nificant prior shear band sliding.
Although we have plane strain deformation right
in front of the crack tip as shown in Fig. 5,10,12 the
evidence of shear banding beyond this region described
previously (and shown in Fig. 6) is incongruent with
the current understanding of crack tip plasticity10,12
in which the crack tip is constrained in the thickness
direction. The origin of the shear bands creating the
jagged rough zone is not clear yet, but this jagged
zone has also been observed in other studies.6,26–28
“In some regions, these ridges were quite large and
ran nominally parallel to the direction of crack propaga-
tion”6 [See their Figs. 8(a) and 15]. Presumably, this
shear band pattern shown in Fig. 6 may be caused by the
morphology of the fatigue precrack. As shown in Fig. 2,
the fracture surface generated by fatigue precracking
has ridges running parallel to the crack growth direction.
Magnified view of these fatigue fracture surface is
given in Figs. 5(a)–5(c) to show that the surfaces have
“ridge and furrow” morphology directed normal to
the crack front as well as the typical fatigue striations
parallel to the crack front. This rough fatigue surface
was also observed by Gilbert et al.6,17,29 Their surface,
generated from DK  10 MPam1/2 and da/dN  108 m/
cycle, agrees with the fatigue precracking condition used
in this study. The roughness of the fatigue surfaces pro-
gressively diminishes with decreasing growth rates.29
However, even at as slow growth rates as with the thresh-
old DK level, the ridges running parallel to the crack
growth direction were reported,24,30 which indicates that
the “ridge and furrow” morphology of the fatigue crack
tip may be unavoidable for the BMG fracture mechanics.
Irregularity caused by kinks or steps along the crack front
might cause a complex stress state in front of the crack
and contribute to the jagged morphology. Indeed, Gao31
performed an instability analysis of three-dimensional
crack problem that included the shape perturbations
parallel to the crack front to explain the ridgelike surface
features running parallel to the crack growth direction
as shown in Figs. 5(a)–5(c) and Fig. 6. Gao studied the
role of T-stress term on determining crack front morphol-
ogy. The T-stress is known to affect the crack growth
direction in two-dimensional crack propagation prob-
lem.32 Hess and Dauskardt used Gao’s T-stress analysis
to successfully model the surface morphology of fatigue
fracture surface of BMG.30 Additional study is required
to understand the shear band pattern in the jagged rough
zone. It is important to note that the specimens without
the rough zone [Figs. 2(f) and 2(g), specimens S10–S15]
also have nonplanar ridged fatigue fracture surfaces,
which suggests that the nonplanar precrack front might
be a necessary, but not a sufficient, condition for the
formation of a jagged rough zone.
E. Comment on the validity of KQ as plane strain
fracture toughness (KIC) based on shear band
formation and ASTM size requirement
A shear band that originates at the surface, where
plane stress condition dominates, should be distinguished
from one that originates inside the specimen, where
plane strain condition prevails. This is because the for-
mation of interior shear bands determines the validity of
the measurement as plane strain fracture toughness (KIC).
Shear bands originating at the surface, which have the
typical shape shown in Figs. 4(c) and 4(d), propagate in
the thickness direction. Figure 2(a) shows that these
shear planes penetrate almost to the center of the speci-
men from both sides. It is also evident from Figs. 2(b)
and 2(c) that the plastic deformation originating at the
surface propagates through a significant fraction of the
specimen thickness [marked by horizontal arrows inFIG. 6. Magnified image of squared area in Fig. 2(c).
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Figs. 2(b) and 2(c)]. This suggests that the thickness of
the specimens used in this study is insufficient to satisfy
the plane strain condition for the highly deformable and
tough metallic glasses investigated here. However, the
specimens in Figs. 2(d) and 2(e) have a relatively small
fraction of plane stress fracture surface. For the specimen
S7 shown in Fig. 2(d), the distance of the outermost shear
band detectable by scanning electron microscopy
[defined by the arrow in Fig. 4(c)] was 130 mm, and the
penetration depth of a surface shear band into the thick-
ness direction [measured in Fig. 2(d)] was about 160 mm.
It is thus plausible that the bulk of the sample is far from
the influence of surface shear bands; that is, the bulk of
the sample could be under plane strain condition and the
jagged pattern could be created by shear bands that orig-
inate within the sample, not at the surface.
One of the ASTM size requirements for fracture
toughness specimen is given by Eq. (1), which implies
that the size of the plastic zone must be less than 2% of
the specimen dimensions to obtain a size-independent
critical KIC value.
33
B; a; ðW  aÞ 	 2:5ðKQsyÞ2 : ð1Þ
From Eq. (1), the critical dimension for the specimen S7
with KQ ¼ 54.6 MPam1/2 and sy¼ 1.86 GPa is 2.15 mm,
while the actual sample dimensions are B ¼ 2.21 mm,
a ¼ 3.96 mm, and b0 ¼ 4.04 mm (initial ligament size,
b0¼W a). Thus, the measured KQ value for this sample
can be regarded as KIC based on the specimen geometry.
Other specimens listed below this sample in Table I
(S8–S15) satisfy the size requirement as well.
F. Size of the rough zone and its relationship
with measured fracture toughness
It is worth noting however that the size of the rough
zone of specimen S7 measured from the image of
Fig. 2(d) [defined as “LA” in Fig. 2(a)] is 1.43 mm,
which is 35% of the initial ligament size bo. In
Fig. 7(a), the rough zone region (LA) acquired from
the fracture surface of each sample is plotted against
the plastic zone size, d, calculated from the measured
KQ and sy using Eq. (2) below.
3
d ¼ K
2
Q
ps2y
: ð2Þ
As seen from the plot in Fig. 7, the length of the rough
zone region observed in the sample fracture surface cor-
relates well with the plastic zone size estimated from the
measured KQ and sy, which suggests that the extent of
the jagged pattern propagation is in essence a direct
measure of the material fracture toughness. This is borne
out in Fig. 7(b), which shows the predicted parabolic
relationship between fracture toughness, KQ, and rough
zone LA.
IV. CONCLUSION
In summary, in this study, the development of a
significant “rough zone” region during fracture of
BMG samples that screens a crack tip was confirmed.
The development of this jagged rough zone region qual-
itatively and quantitatively explains why BMGs exhibit
good toughness despite a near-zero ductility. Fracture
surfaces were revealed showing that the roughness and
the length of the jagged region adjacent to the precrack
correlates well with the plastic zone size estimated from
the measured fracture toughness values. The propagation
of these jagged patterns, the main source of energy dissi-
pation in the sample, was attributed to the ability of shear
bands to form and propagate far from the surfaces where
plane strain conditions prevail. By recognizing that the
jagged pattern is primarily the result of shear banding, it
is understood that fracture toughness is closely related to
the ability of the BMG to undergo a certain amount of
plasticity prior to failing by catastrophic fracture.
FIG. 7. Correlation between jagged pattern extension [denoted as LA
in Fig. 2(a)] and (a) process zone size calculated from Eq. (2)3 and
(b) measured fracture toughness.
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